Abstract: Ocular infections caused by herpesviruses are an important cause of morbidity. The majority of cases are believed to be associated with herpes simplex virus type-1 (HSV-1), although HSV-2, varicella zoster virus (VZV), cytomegalovirus (CMV) and Epstein-Barr virus (EBV) are also associated with various ocular diseases. The ability of some herpes viruses to infect various anatomic regions of the eye may be facilitated by entry processes that are celltype specific, and in many cases may occur more frequently in the immunocompromised. The elimination of the role of herpesviruses in ocular disease remains elusive, as they often develop life-long latency in a large proportion of humans. Experimental vaccines for ocular HSV have shown some benefit in animal models, a result that has not been adequately demonstrated in clinical trials. Meanwhile, ocular involvement in VZV remains unpredictable, and CMV retinitis continues to be an important cause of blindness in those infected by HIV.
Introduction
The Herpesviridae are a family of double-stranded DNA viruses containing at least twenty-five members, eight of which are known to infect humans (summarized in Table 1) . [1] [2] [3] [4] [5] [6] [7] [8] [9] Their basic structure includes an icosahedral capsid surrounded by a layer of proteins and mRNAs known as the tegument, which is encased by a lipid bilayer envelope containing several proteins and glycoproteins ( Figure 1 ). These viruses exist in either a lytic or latent state in infected hosts. The lytic state is characterized by active viral replication in which the virus uses host machinery for propagation. Latency develops when the virus becomes dormant within certain host cell types that may differ for each member of the herpesvirus family. During the latent state, viral gene transcription is severely restricted although latency associated transcripts (LATs) may be expressed in high amounts and are likely modulated by regulatory sequences such as the LAT promoter binding factor. 10 All human herpesviruses can cause morbidity in part due to the development of life-long latency, followed by recurrent episodes brought on by a variety of factors such as stress or immunosuppression.
Many of the human herpesviruses are associated with ocular disease as a rare sequel of infection. Herpes simplex virus (HSV) type-1 and -2 are capable of infecting virtually all of the same ocular cell types, although HSV-1 is the more common cause of ocular disease. This includes blepharitis, keratitis and anterior uveitis. Varicella zoster virus (VZV) can cause a similar range of ocular infections, although with unique 
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Farooq et al Figure 1 Basic structure of a herpesvirus virion. Notes: The herpesviruses contain a double-stranded DNA genome (a), located inside of a nucleocapsid (b). This is surrounded by the tegument (c), which is made up of many mRNAs and proteins and is encased by a lipid bilayer envelope. Several proteins and glycoproteins (d), are embedded in the envelope, which play important roles in signaling and contribute to pathogenesis. 
Epidemiology of human herpesviruses
The human herpesviruses are generally highly prevalent globally, and for the majority of people may not be a cause of clinically significant disease. Symptomatic disease, when present, can lead to a substantial impact on health. HSV-1 seroprevalence studies demonstrate that the majority of humans are infected. Recent data suggests a decreased seropositivity in developed nations with one study indicating a drop from 62% in 1988-1994 to 57.7% in 1999-2004. 11 Improved hygiene and living conditions may be contributors to this trend. Polymerase chain reaction (PCR) data from trigeminal ganglia have indicated that nearly all adult humans have been exposed to the virus and some studies implicate saliva and tears as major modes of transmission. 12, 13 While historically HSV-2 has been less common than HSV-1, HSV-2 seroprevalence approaches that of HSV-1 in certain populations, and genital infection caused by the virus remains a worldwide epidemic. 14, 15 Some studies indicate that the prevalence of HSV-2 infection has also recently decreased. 11 The seroprevalence of HSV-2 in developing nations is believed to be higher than that in developed nations, and genital infection may be more common in women than men with new infections frequent in younger populations.
14 HSV-2 also appears to have synergy with HIV through the development of mucosal ulcerations leading to increased transmissibility. 16 The changing seroprevalence of the herpes simplex viruses have important implications for clinical disease patterns. While previously HSV-1 and HSV-2 have been associated with infections above and below the waist, respectively, HSV-1 is increasing as a cause of genital infection and HSV-2 may be causing more ocular disease. It is presumed that both viral subtypes are transmitted via asymptomatic shedding in mucous secretions, the mechanism of which is not well understood. 17 The increasing proportion of genital disease caused by HSV-1 has been attributed to a decrease in early seropositivity as well as an increase in oral-genital contact. 15, 17, 18 These issues may have increasing clinical significance and should be considered in future measures to manage disease. 14 VZV is believed to infect virtually all humans, and like HSV-1 and -2 is a neurotropic virus. Before the varicella vaccine was introduced, the incidence of infection was roughly equal to that of the birth rate; currently over 95% of the population has serological evidence of past infection. 19 VZV is associated with the development of chickenpox after initial viral exposure, which often occurs in childhood. Reactivation later in life causes shingles, which is a painful condition that develops in a dermatomal distribution and is often self-limited, 
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The role of herpesviruses in ocular infections although some may continue to experience pain after the disappearance of vesicles (ie, post herpetic neuralgia). 19, 20 Latent VZV infection is maintained by cell-mediated immunity and is associated with periodic re-exposure to the virus. 20 Current incidence of VZV infection appears to be lower than before, which is attributed to the successful implementation of widespread vaccination before virus exposure. As some adults who were never infected may be exposed to wild-type virus or children who have been vaccinated, some groups recommend vaccination in older age groups to prevent a rise in incidence of VZV as the population ages. 21, 22 CMV develops latency in multiple cell types and can be transmitted by body fluids and organ transplantation (eg, kidney). Seroprevalence studies of CMV indicate that socioeconomic status and race are predictive factors, although the majority of people are infected. 23 CMV currently remains the leading cause of infection-mediated mental retardation and deafness in developed countries. 23, 24 It is a major cause of birth defects affecting 0.2%-2% of newborns in the United States. While only 10%-15% of those infected at birth demonstrate symptoms, all infections carry a risk of neurodevelopmental sequelae. 24 EBV has a tropism for B-lymphocytes, as well as salivary gland duct cells and oropharyngeal cells. It has a significantly higher seroprevalence in developing nations and among lower socioeconomic status individuals. In young children it may cause a subclinical or mild initial infection, while older children and adults may develop infectious mononucleosis, of which it is the most common cause. 25 It is also associated with nasopharyngeal carcinoma and several lymphomas including Burkitt's. The cellular tropisms for the remaining human herpesviruses are summarized in the table above. HHV-6 and HHV-7 are causes of exanthema subitum, a common pediatric infection, while HHV-8 is associated with cancers including Kaposi's sarcoma.
Pathological processes caused by viral ocular infection HSV-1 and HSV-2
The Alphaherpesvirinae subfamily includes HSV-1 and HSV-2. It is believed that HSV-1 keratitis is the leading cause of infectious blindness in developed nations. The development of ocular HSV-1 can occur in the form of primary or recurrent infection. Primary ocular exposure to the virus may result in local entry and spread often resulting in mild disease. 1 Although the host immune response clears the epithelial surface of virus, HSV-1 is able to travel retrograde along sensory nerve branches to the ipsilateral trigeminal ganglion to develop life-long latency. HSV-1 may more frequently reach the trigeminal ganglia after initial extra-ocular infection (eg, oral mucosa) with subsequent neuronal or non-neuronal spread. The development and modulation of HSV-1 neuronal latency appears to involve both cytotoxic and noncytotoxic factors associated with CD8
+ T-cells, as well as an inefficiency of the DNA repair mechanism in neurons. [26] [27] [28] Latency associated transcripts are involved in regulation of the intermediate-early gene ICP0 in reactivation leading to recurrent ocular disease, which may occur repeatedly throughout the life of the host.
The ability of HSV-1 to enter and spread in ocular tissue, as well as participate in retrograde and anterograde neuronal transport, are essential in its pathophysiology. The main mechanism of spread relies on direct contact -the virus entering through the mucous membrane of the host followed by entry into cells. Entry may first occur at the outermost layers of the conjunctival or corneal epithelium using conserved invasion methods. [29] [30] [31] HSV-1 cellular entry occurs through multiple pathways and relies on both virus and host factors. After the initial interaction of viral glycoproteins gB and/or gC with cell surface heparan sulfate proteoglycans, viral gD interacts with specific cellular receptors, causing a conformational change resulting in a glycoprotein complex facilitating invasion through a fusion pore. The gD receptors include nectin-1, herpes virus entry mediator (HVEM) and 3-O sulfated heparan sulfate (3-OS HS), each of which plays a differential role in entry based on cell-type. 29, 30, 32, 33 In some ocular cell types, the virus may preferably enter by a pH-dependent endocytic pathway. 29 HSV-1 may also use filopodia, which are actin-rich extensions of the cellular membrane, in unilateral movement to the cell body followed by receptor-mediated entry. 31 The ability of HSV-1 to spread in tissue is not well understood, although the mechanisms of entry into cells may be preserved in its methods of spread, including a form of viral surfing along filopodia from infected to uninfected cells. The movement of the virus along peripheral nerves has also been the focus of much research. Retrograde transport of HSV-1 appears to be facilitated by viral proteins and is a conserved mechanism shared by other viruses. Anterograde transport similarly relies on viral proteins that facilitate recurrent infection.
Initial exposure to HSV-1 may result in blepharitis, which is an inflammation of the eyelids and leads to irritation and itching. It may be chronic in nature, although it is often a mild and self-limiting disease that may recur periodically. HSV-1 is also an important cause of viral conjunctivitis which may be a manifestation of initial ocular exposure. 1, 29 Epithelial keratitis due to HSV-1 develops if the virus enters 
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Farooq et al into the outermost layers of the cornea, a process that is likely facilitated by nectin-1 (unpublished data). It initially causes a punctate lesion, followed by a stellate erosion and subsequently a dendritic ulcer, recognized clinically by a characteristic branching pattern with terminal bulbs using one of several stains (Figure 2) .
Stromal keratitis, which involves infection of the deeper layers of the cornea, is more frequently a result of recurrent HSV-1 rather than initial ocular exposure. It is associated with neovascularization and scarring, leading to opacification of the stroma and potentially severe vision loss or blindness if the visual axis is involved. It is believed that stromal disease, particularly scarring, results from virus-mediated damage as well as inflammatory effects associated with CD4
+ T-cells as part of the host immune response. The issue of HSV-1 corneal latency has been debated for at least two decades, with some evidence for neuron-like characteristics of stromal cells. HSV-1 may also be transmitted by corneal transplant, which has been rarely reported. Many reactivations of HSV infection that lead to corneal infection may be premediated by alterations in host immune-virus interaction. 1, 28, 34 HSV-1 is a cause of anterior uveitis, which is associated with elevated intraocular pressure likely due to inflammation of the trabecular meshwork. HSV-1 and -2 are among the causes of acute retinal necrosis, in which there is vasculitis and widespread necrosis of the retina with a high rate of visual morbidity. This may further be characterized by inflammatory orbitopathy, proptosis and optic nerve involvement, and may occur as a result of initial viral invasion or during a recurrent episode of retinitis or keratitis and can lead to severe complications such as retinal detachment. [35] [36] [37] [38] HSV-2 induced retinitis and acute retinal necrosis are seen in both immunocompetent and immunosuppressed patients. HSV-2 may be increasing as a cause of acute retinal necrosis due to an epidemic of genital infection among pregnant women followed by vertical transmission to neonates, although this remains to be effectively demonstrated. Congenital and neonatal HSV-2 infections may also progress to retinitis later in life due to neuronal transport of the virus following anterior chamber infection. 37 While HSV-2 is not classically associated with other ocular diseases we have discussed, some cases have been reported. The ability of HSV-2 to infect various ocular cell types, a changing HSV seroprevalence and more specific diagnostic tests suggest that it may be increasingly recognized as a cause of ocular disease. 30, 35, 39, 40 VZV VZV is also a member of the Alphaherpesvirinae subfamily and is a known cause of ocular infection referred to as herpes zoster ophthalmicus (HZO). HZO affects approximately 10%-20% of those infected with VZV. 20 This is most often a result of reactivation from latency in the ipsilateral trigeminal ganglion. The ability of VZV to enter cells, spread through tissue and participate in retrograde and anterograde neuronal transport are therefore vital in its pathophysiology. VZV successfully enters neurons within the dorsal root ganglion and promotes cell-cell fusion allowing spread of virus. Satellite cell infection by VZV helps the spread of virus into further neuronal bodies. 41 VZV glycoprotein E (gE) is known to be important for entry, replication and cell-cell spread. 42 Ocular involvement in VZV is usually preceded by a prodrome of influenza-like symptoms followed by a painful maculopapular rash that erupts in a dermatomal distribution. The upper eyelid and forehead are commonly affected, with potential ectropion (turning out of the eyelid) and scarring. Conjunctival involvement may have one of several presentations along with redness and vesicle formation. VZV infection of the corneal epithelium leads to a dendrite-like morphology of epithelial cell swelling that may be seen on slit-lamp examination (Figure 3 ). Microdendritic keratitis, nummular keratitis, disciform keratitis, mucous plaque keratitis, sclerokeratitis or iritis may occur. In children, ocular involvement is usually a self-limiting process that may 
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The role of herpesviruses in ocular infections complications. VZV is believed to be a common cause of acute retinal necrosis. A study of retinal pigment epithelial cells revealed that they were susceptible to infection by VZV and served as antigen presenting cells. It has also been demonstrated that infection of these cells most likely occurs after transaxonal spread to nearby neurons. 45 Several case series that describe HZO include those with a history of immunosuppression. In particular, multiple investigations have described corneal epithelial lesions in patients with HIV. Recently, Hu et al reported on late dendriform keratitis in immunocompetent patients with a history of HZO, in which 15 of 16 cases were positive for VZV DNA. 43 It was noted that these lesions were pleomorphic and sometimes associated with a subjacent haze in the corneal stroma. Anterior uveitis has also been described in both immunocompromised and immunocompetent patients. Patients with concurrent HIV and other etiologies of immunosuppression may have an increased recurrence rate as seen in ocular HSV.
19-21,46,47 eBV
The ability of EBV to infect various ocular cell types has been described by clinical reports of conjunctivitis, keratitis, iritis, retinitis and neuritis attributed to the virus. It should be noted that many of these reports came prior to the use of more specific diagnostic tests that are now available. In some cases ocular sequelae were noted soon after or concurrently with infectious mononucleosis, including cases of Sjogren's syndrome with dendritic keratitis. A study of EBV DNA in tear film did not reveal a higher rate of shedding in Sjogren's syndrome versus controls, although secondary Sjogren's was associated with a higher rate of EBV type 1. 48 Increased EBV shedding was also observed in patients with HIV. 49 Other studies have found varying presentations of corneal epithelial and stromal infection associated with the virus, although a distinct granular form of stromal keratitis has been described.
Posterior segment disease due to EBV has been rarely reported. There are also reports of ocular lymphomas associated with EBV, including B-cell and T-cell lymphomas. Lymphomas linked to EBV are known to involve mucosa-associated lymphoid tissue (MALT), but the virus has also been implicated in various types of ocular lymphoid malignancies. Although ocular lymphomas are rare, further investigation is required to improve the understanding of EBV-related tumorigenesis.
CMV
The Betaherpesvirinae subfamily includes CMV, which is an important ocular pathogen recognized for its ability to 
Notes:
The morphology of pseudodendrites associated with VZV differs from the dendritic ulcers of HSV by a lack of terminal bulbs as well as elevation and less branching. Unlike HSV which causes sloughing of epithelial cell layers leading to ulceration, VZV is characterized by swollen epithelial cells that may or may not stain with fluorescein. Repeated infection with VZV may also lead to a neurotrophic cornea, in which there is lack of sensation due to corneal nerve damage leading to an increased risk of corneal ulcer (ie, neurotrophic ulcer). The pupillary dilation depicted in the figure is for illustrative purposes only.
not require extensive treatment. However, in neonates and immunosuppressed patients ocular involvement can quickly progress into severe penumonitis and/or encephalitis. 20 Repeated painful episodes of ocular VZV may be followed by corneal anesthesia due to corneal nerve damage (ie, neurotrophic cornea). This is associated with an increased risk of sterile corneal ulceration as well as secondary bacterial infection. Patients with a history of HZO may also develop late epithelial lesions, including dendriform lesions and mucous plaque keratitis, the latter of which is considered noninfectious. 43 In additional to corneal epithelial lesions, VZV may cause a number of stromal infection patterns including granular anterior stromal infiltrates, disc-shaped or diffuse edema in deeper areas of the stroma and limbal vascular invasion. Studies in animal models have demonstrated the neurotropism of VZV after primary ocular infection. Corneal inoculation in guinea pigs resulted in punctate keratitis and microdendrite formation, with viral spread to the trigeminal and superior cervical ganglia as well as the cerebellum and midbrain. 44 VZV is also associated with anterior uveitis that may be granulomatous or non granulomatous and often leads to elevated intraocular pressure secondary to trabecular meshwork damage or other processes. This may coincide with iris atrophy as well as keratitis and/or posterior pole 
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Farooq et al cause disease in the immunocompromised. It has declined as a cause of retinitis and other ocular diseases since the advent of highly active antiretroviral treatment (HAART), although all cases have not been eliminated. [50] [51] [52] [53] CMV retinitis is understood to be an AIDS-defining illness in patients with HIV, since it usually presents in those with a severely low CD4
+ T cell count. Prior to the availability of HAART, a substantial number of CMV retinitis cases were seen in AIDS patients. The disease has also been observed in other forms of immunosuppression, including those undergoing solid organ transplantation. As evidence of viral activity may be difficult to obtain, diagnosis of CMV retinitis often relies on a history of immunosuppression and characteristic retinal changes on examination (Figure 4) . The issue of ocular latency of CMV has been debated in the literature and is evidenced by reports of CMV reactivation in immunocompetent patients who underwent ocular immunosuppression.
CMV is also a rare cause of other ocular diseases, with some reports describing keratitis or optic neuritis without a diffuse retinitis. An imaging study in a murine model using green fluorescent-tagged CMV followed ocular infection using a scanning laser ophthalmoscope. 54 It was revealed that immunocompetent mice were susceptible to infection in retinal pigment epithelial cells and the outer segments of photoreceptors after intraocular injection, with no virus present in the optic nerve or brain. Virus was also detected in the anterior lens capsule, and in the iris as early as 4 days after injection and lasting until 25 days. CMV DNA has also been detected in cases of anterior uveitis in immunocompetent and immunocompromised patients. 55 
HHV-6, HHV-7 and HHV-8
The remaining human herpes viruses are associated with primary ocular lymphomas as demonstrated in selected case series. HHV-6 is a rare cause of optic neuritis and possibly dry eye and papillary conjunctivitis. 56, 57 HHV-8, also known as Kaposi's sarcoma-associated herpes virus (KSHV), can cause conjunctival Kaposi's sarcoma and possibly uveitis. The link of these herpes viruses to ocular lymphomas has been established by the use of PCR to detect viral DNA in biopsied samples, including from mucosa-associated lymphoid tissue (MALT) lymphomas.
58

Prevention and management strategies
The management of herpesvirus ocular infections depends upon virus type and disease severity, among other factors. However, most available antiviral treatments are targeted at inhibiting virus replication. The detection of herpesvirus DNA may be increasingly used as a diagnostic tool as more specific tests are made available and due to overlapping disease patterns. Epithelial keratitis due to HSV-1 or -2 is usually treated with topical 0.3% acyclovir, 1% trifluridine or oral acyclovir. Stromal keratitis may additionally be treated with corticosteroids, which should not be used without antivirals due to the possibility of increased viral activity. Prophylactic oral acyclovir may be used in patients with a history of recurrent disease or immunosuppression. 59 Herpes zoster ophthalmicus may be treated with oral antivirals such as acyclovir or valacyclovir, with topical steroids added for stromal or uveal involvement. Analgesics are used for what are often severely painful cutaneous lesions. Acute retinal necrosis due to HSV or VZV may be treated with oral antivirals (eg, famciclovir, valacyclovir), intravenous acyclovir or intravitreal antiviral injection. Retinal detachment may occur requiring surgical treatment including vitrectomy or endolaser.
Ocular EBV may also be treated with antivirals in the form of nucleoside analogs, and it is likely an underdiagnosed etiology of some ocular diseases. 60 This may be due to the ability of herpesviruses to cause a variety of presentations with EBV believed to be uncommon in ocular infections. The treatment of CMV retinitis involves the use of oral valganciclovir, and possibly ganciclovir delivered 
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The role of herpesviruses in ocular infections as an intravitreal injection or implant. The use of HAART is beneficial in these patients by facilitating an increase in CD4 + T cell count. However, there is also a risk for immune reconstitution disease manifesting as CMV uveitis, which can cause severe ocular morbidity. 61 Retinal detachment may occur in CMV as well requiring surgical treatment. The treatments for ocular lymphomas associated with several human herpesviruses include radiation, cryotherapy and chemotherapy.
Prevention of ocular herpesvirus infections in humans can be a challenging immunological and epidemiologic issue due to their high seroprevalence and transmissibility. Vaccines against HSV-1 and HSV-2 have shown promise in animal models, but adequate protection remains to be seen in human clinical trials. The development of life-long latency in sensory ganglia early in the life of humans may therefore have unique virological and immunological features that make vaccine development for HSV a difficult task. By contrast, a live attenuated VZV vaccine was developed in the 1970s, and a commercial form is now used widely in the United States and Japan. While this vaccine has a high disease prevention rate, protection against ocular involvement has not been specifically demonstrated.
Some progress has been made in vaccine development efforts for other human herpes viruses, although further investigation is required. Prevention and management of EBV may require different formulations for infectious mononucleosis-related symptoms versus tumors, the latter of which may involve exploitation of viral antigen presence in abnormal tissue. 62 Central nervous system involvement of CMV has created much interest in prevention of disease and optimization of management. 63 A candidate CMV glycoprotein B subunit vaccine used in seronegative women has shown some benefit in a phase 2 clinical trial, with protection in newborns as a potential endpoint.
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Conclusion
The human herpesviruses comprise an enigmatic category of pathogens. Although several of them infect a large proportion of humans, they are able to develop latency in various cell types and thereby most individuals may remain asymptomatic for long periods of time. Ocular disease is usually a rare manifestation of infection, and treatments are often focused on inhibiting virus replication. A comprehensive discussion of the many epidemiologic, molecular and clinical issues related to herpesvirus ocular infections is beyond the scope of this review. This is instead a brief summary of the role of herpes viruses in ocular disease while addressing some of the salient issues in understanding their pathophysiology, clinical patterns and treatment modalities.
While some of the "classic" disease presentations are discussed, it should be noted that ocular herpesvirus infections may not produce these characteristic lesions and instead may mimic each other clinically. The complex virus-host interactions that facilitate the development of latency may make the development of effective vaccines particularly challenging.
Knowledge of the important similarities and differences between the ways in which these herpesviruses cause ocular disease will provide insight into pathogenic mechanisms that may be targeted for improved treatments in the future. 
